Purpose of review EDTA chelation therapy has been in off-label use for the treatment of atherosclerosis. We review the results of the first large-scale randomized trial of this treatment.
INTRODUCTION
Chelation therapy with disodium EDTA has been in use for the treatment of atherosclerotic disease for 58 years. During most of that period, many medical organizations have declared it to be unsafe and relegated the treatment to the realm of alternative medicine. National surveys have demonstrated, however, a growth in this practice [1] . The present review is timely, as it comes 1 year after the publication of the only large-scale randomized controlled trial of disodium EDTA, which demonstrated reduction in cardiovascular events. This publication was followed by an analysis of a prespecified subgroup with diabetes. The current review will focus on the history of this therapy, its potential mechanisms, and the evidence for clinical benefit.
BACKGROUND
The chemical process of chelation refers to the creation of a bond formed by a complex molecule (chelating agent) with a (usually) positively charged ion (chelate). The chelating agent binds the chelate, permitting its excretion in the urine or bile, depending on the chelating agent. EDTA and its salts (sodium, calcium, and magnesium) were first developed in the late 1930s for the detoxification of chemical agents being used in the war effort. It was applied in the treatment of lead toxicity in the 1940s; serendipitously, patients also noted that they experienced less angina. EDTA is a powerful and nonspecific chelator of many cations, including metals, calcium and magnesium.
In 1956, Clarke et al. [2] reported on the effects of EDTA infusions in patients with symptomatic coronary disease. They noted a beneficial effect, with diminution of angina in most of the recipients.
The results generated interest, but by the 1970s conventional medicine had turned away from chelation therapy -it had become the province of alternative medicine. By the 1990s, most conventional medical organizations had published formal statements advising patients that EDTA chelation was dangerous and ineffective. Yet, patients continued to seek out, and practitioners to administer, chelation therapy.
Surveys demonstrate that up to 30% of Americans have used alternative medicine [1] . Congressional interest in studying these therapies increased and the Office for Alternative Medicine evolved to become the National Center for Complementary and Alternative Medicine (NCCAM), and funding was provided to support the study of chelation therapy.
From a regulatory perspective, the United States Food and Drug Administration (FDA) had approved the use of calcium EDTA for lead poisoning, but not the use of the disodium salt. Chelation practitioners, however, preferred the disodium salt, hypothesizing that, by causing transient hypocalcemia, it might decalcify atherosclerotic plaque [3] . Disodium EDTA had to be administered slowly to avoid severe hypocalcemia -which had caused some deaths [4] . Ultimately, the FDA failed to approve the manufacture of the disodium salt in the United States. It is now available only through compounding pharmacies, regulated at the state level, not by the FDA.
PRIOR STUDIES
Prior to the publication of the results of the trial to assess chelation therapy (TACT) [5 && ], the clinical literature regarding EDTA chelation consisted of only case reports and case series reporting benefit for patients with coronary disease, carotid disease, and peripheral artery disease [6] [7] [8] [9] [10] . Only three small, randomized studies (one examining its use in the treatment of angina and two the treatment of claudication) involving a total of 269 patients had been published [10] [11] [12] . Neither singly, nor in aggregate, could these studies rule out a small to moderate clinical benefit. 
BIRTH OF THE TRIAL TO ASSESS CHELATION THERAPY

TRIAL TO ASSESS CHELATION THERAPY PROTOCOL
The Request For Application called for the use of the most commonly utilized EDTA infusion in the treatment of patients with coronary artery disease; disodium EDTA was selected as the agent. The most prevalent EDTA infusion did not contain just EDTA, but also nine other components that have typically been administered by chelation practitioners. Chelation infusion contents are as follows (reproduced from [14] The reduction in events was greater when chelation was accompanied with high doses of multivitamins and multiminerals (5-year NNT ¼ 12), and in patients with diabetes (5-year NNT ¼ 6.5).
The study has several limitations, but extensive sensitivity analyses confirm the findings are robust.
Further research will be necessary to replicate the results and understand the mechanisms of effect.
The results are not yet sufficient to support the routine use of chelation therapy for treatment of all patients who have had an MI.
(i) 100 mg of thiamine, (j) 100 mg of pyridoxine, (k) QS with sterile water to 500 ml.
The dose of EDTA changes on the basis of estimated glomerular filtration rate; the maximum dose is 3 g.
Moreover, high doses of oral vitamins and minerals have also been administered in conjunction with intravenous chelation (Table 1 [ 14] ). Because oral vitamin therapy could be an important confounder, a 2 Â 2 factorial design was employed so that there were four randomization groups:
(1) active chelation þ active oral vitamins, (2) active chelation þ placebo oral vitamins, (3) placebo chelation þ active oral vitamins, (4) placebo chelation þ placebo oral vitamins.
The treatment was arduous, requiring 40 infusions taking over a year to complete. In order to be eligible, patients had to be at least 50 years of age, have had a prior myocardial infarction (MI), and have a creatinine of 2.0 mg/dl or less.
The study was designed to have 85% power to detect a 25% difference in the primary endpoint between the groups. The primary endpoint was a composite one and consisted of time to first occurrence of death from any cause, recurrent MI, stroke, coronary revascularization, or hospitalization for angina. The principal secondary endpoint was the composite of cardiovascular death, nonfatal MI, or nonfatal stroke. The analyses were intent-to-treat and two-sided; the log-rank test was used for treatment comparisons.
The trial took 9 years to complete. It involved 134 sites in the United States and Canada, approximately 60% of which were sites at which chelation therapy had been an ongoing practice. The first patient was randomized in 2003, and the investigators were unblinded in 2012. The results were unexpected. A disodium EDTA-based chelation therapy reduced cardiovascular events.
RESULTS
There were 1708 participants enrolled in 134 sites in the United States and Canada. A total of 55 222 infusions were administered, including placebo and disodium EDTA-based chelation solution. Subjects were followed for a median of 55 months. Several subgroups were prespecified for analysis, including patients with diabetes.
The primary endpoint occurred in 26% (222 patients) in the chelation group and 30% (261 patients) in the placebo group [hazard ratio (HR) 0.82 (95% confidence interval (CI), 0.69-0.99); P ¼ 0.035]. The Kaplan-Meier 5-year estimate for the primary endpoint was 32.8% (95% CI, 29.1%-36.5%) in the chelation group and 38.5% (95% CI, 34.6%-42.3%) in the placebo group ( Fig. 1 [11] ). The 5-year number needed to treat to reduce one event was 18. The effect of EDTA chelation on the components of the primary endpoint was directionally the same as its overall effect, and, other than for death, of greater magnitude (Table 2 [7] ). These data showed that, in patients with prior MI, disodium EDTA-based chelation therapy offered a reduction in cardiovascular events. This effect persisted after infusions had finished and was Subgroup analyses demonstrated that there was a significant interaction between EDTA chelation and diabetes, with greater therapeutic benefit among diabetic patients. There was greater benefit among patients who had sustained a prior anterior wall MI. We also analyzed whether there was an interaction between type of practice, complementary or alternative medicine or conventional, and the effect of EDTA chelation therapy. The interaction P-value for this comparison was nonsignificant.
Extensive safety testing was recorded and analyzed throughout the many patient years of followup, and EDTA-based chelation therapy, within the administration parameters set up for the study, proved to be quite safe. The safety net created in the trial was remarkable, with multiple web-based alarms to detect short infusions (less than 3 h), regular visits of monitors to participating sites and ongoing education of coordinators and investigators. There were also 10 routine laboratory safety checks throughout the infusion phase of the trial.
In spite of the extreme burden placed on participants in this study (40 infusions each lasting at least 3 h), there was fair compliance: 75% of patients completed 30 infusions, and 65% completed all 40 infusions. Moreover, 17% of patients withdrew consent at some point during the trial. Although this is a potentially serious flaw, the loss of data was mitigated by 18% of patients who had a primary endpoint prior to consent withdrawal, and by assessing each country's national death register at the end of the trial. Extensive sensitivity analyses were performed that tested the robustness of the effect by assigning unfavorable event rates to the EDTA patients who withdrew, ranging from no effect to harm. In order to lose significance, unrealistic, highly unfavorable assumptions had to be made. Thus, the P-value was robust.
ANALYSES OF THE FACTORIAL GROUPS
TACT was designed as a 2 Â 2 factorial trial, randomly assigning patients to intravenous chelation or placebo, and to oral vitamins or placebo. 
ANALYSIS OF PATIENTS WITH DIABETES
Diabetes mellitus was prespecified as a subgroup for analysis, and defined as self-reported diabetes mellitus, current use of oral or insulin treatment for diabetes mellitus or fasting glucose of at least 6.99 mmol/l (126 mg/dl). A total of 633 (37%) patients enrolled in the study met the definition of diabetes mellitus. Treatment with EDTA infusions reduced the primary endpoint (EDTA chelation vs. placebo: 25% vs. 38%; HR 0.59; 95% CI 0.44 -0.79%; P < 0.001) [16 && ]. The incidence of primary endpoints remained lower in this group during extended followup for up to 5 years, with a 15% absolute decrease in the 5-year Kaplan-Meier primary event rate (Fig. 3 [7] ) and a relative reduction in risk of 41%. The 5-year number needed to treat was 6.5 (95% CI, 4.4-12.7). Even after a very conservative Bonferroni adjustment for multiple subgroups was performed, the results remained statistically significant (99.4% CI, 0.39-0.88; adjusted P ¼ 0.002). There were important and consistent reductions in the components of the primary endpoint as well.
STUDY LIMITATIONS
It is important to recognize study limitations that temper the interpretation of TACT. A larger than expected number, 17%, withdrew consent, and the study treatments, infusions and oral both, had important rates of nonadherence. Possibly because there were more events in the group receiving placebo infusions, the rate of consent withdrawal was higher in the placebo infusion group compared with the active infusion group. If more placebo patients withdraw from the study than do active infusion patients, this confers a conservative bias to the trial. That is, more placebo events would fail to be attributed and counted toward the placebo group than would be the case with the active infusion group, narrowing the difference between groups and decreasing the significance. Despite this, statistical significance was maintained. In addition, careful sensitivity analyses were carried out assigning event rates to the EDTA patients who dropped out that were higher than the event rates of the EDTA patients who stayed in the trial. In the overall group, even if the active group that withdraw consent had 20% more events than the placebo infusion group that withdraw consent, significance was maintained. The diabetes sensitivity analyses demonstrated the significance to be even more robust. The study was also criticized for only reaching borderline levels of significance at P ¼ 0.035. Yet, this was less than the prespecified level of significance in the statistical analysis plan.
Another concern voiced about TACT is that the study did not follow a classical pathway for drug development. Typically, a compound or drug is identified in basic research and a mechanism of action is proposed and proved in experimental in-vitro and animal models. With a hypothesis generated, a clinical trial is designed to prove this mechanism of action and its clinical translation. In the case of alternative medicine treatments, the pathway is quite different. Chelation practitioners were infusing EDTA and had done so for decades. TACT was designed to prove whether this existing therapy was safe and effective. The conventional cardiology reaction to TACT has been an exercise in Bayesian interpretation of unexpected results. That is, expectations of trial results color the interpretation of those results. A formal Bayesian analysis was performed on the results of chelation on patients with diabetes in an accompanying editorial [17] . Even if a skeptical or extremely skeptical prior probability was assigned, the effect of EDTA chelation on the primary endpoint was still significant. The results of TACT, therefore, lead us to hypothesize regarding the underlying mechanisms of effect.
POSSIBLE MECHANISMS OF CHELATION THERAPY
EDTA is a nonspecific chelating agent that binds metals with valences of þ2 to þ6. Therefore, it is logical to first look toward metal chelation as a potential mechanism for the observed results.
There is a long epidemiologic literature describing the association of metals with cardiovascular risk, including hypertension, atherosclerosis, MI, and stroke. Lead, cadmium, antimony, cadmium, cobalt, and tungsten have been associated with cardiovascular disease [18] [19] [20] [21] [22] [23] [24] [25] . EDTA chelates and allows excretion of these metals.
With regard to the apparent enhanced efficacy in patients with diabetes, observational studies suggest a role for the products of nonenzymatic glycooxidation of proteins and/or lipids, also known as advanced glycation end-products [26,27 & ,28-30] in the microvascular complications in diabetes. Most advanced glycation end-products require When metals bind to glycation end-products, reactive oxygen species are generated. Oxidative stress and inflammation are promoted as the oxidized end-products accumulate in different tissues, changes that are characteristic of atherosclerosis. The role of oxidized lipids in atherosclerosis is well known. They not only participate in foam cell formation but also have endothelial proinflammatory, proapoptotic, and prothrombotic effects. Metal chelation may reduce toxicity mediated through enhanced metal-catalyzed oxidation [31] .
CONCLUSION
TACT, the first large-scale trial of chelation therapy for atherosclerotic coronary disease, found that EDTA chelation therapy reduced the risk of a composite of adverse cardiovascular outcomes, particularly among patients with diabetes. Before disodium EDTA chelation can take its place among other accepted therapies in the routine care of post-MI patients, however, it is important that further replicative and mechanistic clinical trials be performed. 
